Conventional sound shielding structures typically prevent fluid transport between the exterior and interior. A design of a two-dimensional acoustic metacage with subwavelength thickness which can shield acoustic waves from all directions while allowing steady fluid flow is presented in this paper. The structure is designed based on acoustic gradient-index metasurfaces composed of open channels and shunted Helmholtz resonators. The strong parallel momentum on the metacage surface rejects in-plane sound at an arbitrary angle of incidence which leads to low sound transmission through the metacage. The performance of the proposed metacage is verified by numerical simulations and measurements on a three-dimensional printed prototype. The acoustic metacage has potential applications in sound insulation where steady fluid flow is necessary or advantageous.
I. INTRODUCTION
Noise shielding and mitigation have long been a central topic in the field of acoustics [1] .
Traditional noise shielding materials and structures rely on sound absorption and reflection to prevent the transmission of sound across a boundary. These materials or structures, however, typically stop both acoustic wave transmission and steady fluid flow across the boundary [2] . This characteristic severely limits their applications under circumstances in which the exchange of air is necessary or advantageous, such as noise reduction in environments where ventilation requires that air should be able to flow freely.
Consider the noise control of cooling fans ( Fig. 1) , in which the free circulation of air is imperative to allow heat transfer and dissipation. Noise mitigation materials and structures such as high areal density panels and micro-perforated panels with backing cavities [3] are therefore not suitable as they prevent air flow.
Recent progress in acoustic metamaterials and metasurfaces has opened up new possibilities in manipulating waves [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] for many applications, including noise control, and they have shown substantial potential for building sound insulation panels [17] [18] [19] [20] [21] .
However, they have yet to be proven useful for designing noise-control acoustic enclosures, especially those with openings. Several approaches have been proposed to block sound while enabling transport of air flow [22, 23] . Although the transmission loss of these designs are high, the structures are generally bulky and may not insulate noise in an omni-directional manner or form an effective acoustic enclosure, therefore hindering their applications for certain real-world problems, such as insulating noise from fans and compressors. In optics, the concept of metacage has been recently proposed and metacages have been numerically shown to be able to shield electromagnetic (EM) waves in order to protect objects from radiation [24, 25] . While Mirzaei et al. proposed a metacage design based on nanowires [24] , Qian et al. suggested that gradient metallic grating is more feasible for constructing the metacage [25] . However, the latter strategy was demonstrated using the effective medium theory and no explicit design was provided.
Furthermore, the shielding effect of optic metacages has yet to be experimentally observed. This paper investigates an acoustic metacage and presents a feasible design based on gradient-index metasurfaces (GIMs). Both simulation and experimental results demonstrate that the metacage is capable of shielding acoustic wave transmission from all angles, regardless whether the source is inside or outside the metacage. In the acoustic regime, GIMs have been reported to achieve anomalous reflection/refraction, controllable reflection, bottle beams, asymmetric transmission, among others [26] [27] [28] [29] [30] [31] [32] . In this paper, the sound transmission behavior of the GIM is first investigated by the means of mode coupling, which shows that incoming acoustic waves cannot be coupled into the transmission mode regardless of the angle of incidence when the phase gradient is sufficiently large. The GIM is further bent into a ring shape in order to create an acoustic metacage, though the shape can be arbitrary in theory as long as sufficient phase gradient is satisfied [33] . Shunted Helmholtz resonators with open channels are employed to construct the GIM and produce the required phase distribution. Numerical simulations are first carried out to verify the proposed acoustic metacage. A prototype is subsequently fabricated and validated experimentally.
II. OMNIDIRECTIONAL SOUND SHIELDING USING GIM
First consider a GIM shown in Fig. 2(a) . Without losing generality, the GIM is composed of four different unit cells in one period whose length is d . For an incoming wave with an angle of incidence i  , the refraction angle t  can be calculated using the generalized Snell's law [26, 34] which reads
where 0 k is the wave number in free space,
is the phase gradient along the surface, n is the order of diffraction, and
is the reciprocal lattice vector. It is noted that the term nG only appears when the period is comparable with the wavelength  at large angles of incidence [26] . For 0th order diffraction, i.e., 0 n  , the critical angle for incoming waves to couple into propagating modes is expressed as   
) is still a real number. For 1 n  , although the propagating waves are allowed, the transmission are extremely small due to destructive interference [25] . In other words, the overall transmission through the GIM for
is small regardless of the angle of incidence for any value of n . Consequently, such judiciously designed GIM can serve as an omnidirectional sound barrier for all-angle incoming waves. 
III. PLANAR AND RING-SHAPED METASURFACE
The theory is verified through the case of a planar metasurface with the required large phase gradient. We design the unit cells using a hybrid structure consisting of open channels and shunted Helmholtz resonators although other existing metasurface unit cells in theory can be also used [26, 32] . The original hybrid structure was proposed previously [30] and has shown an outstanding capability for controlling transmitted sound phase through the units [30, 37, 38] . Four individual unit cells are designed to maintain a uniform gradient of transmitted wave phase. Full-wave two-dimensional (2D) simulations are carried out by COMSOL Multiphysics v5.2, the Pressure Acoustics
Module to verify the designed structure. Fig. 2(b) shows the acoustic fields propagating through the units, where high transmission can be observed when each unit cell is activated individually (i.e., no interaction between each two unit cells). However, when these unit cells form a metasurface and work collectively, omnidirectional sound reduction arises.
To demonstrate this, the transmission coefficients of acoustic waves at different angles of incidence are calculated numerically. The transmitted and reflected energy at a distance of 1.5 λ behind the metasurface is plotted as a function of incident angle as shown in Fig. 2(c) . Overall, the metasurface effectively shields acoustic waves from arbitrary directions: the normalized energy transmission ( / ti II  ) calculated using the structure shown in Fig. 2 (b) and using the effective medium are below 0.083 and 0.0016, respectively, at all angles, which correspond to 11dB and 28 dB transmission loss.
The effective medium is characterized by effective refractive index and an impedancematched condition so that there is an ideal interaction among the unit cells. The transmission coefficients of the real structure are much higher than those of the effective medium because the transmission can be sensitive to the variation of the phase and amplitude of the transmitted sound. Moreover, the impedance mismatch for real structures at oblique incidence may also contribute to the discrepancies between the real structure and effective medium simulations. Nevertheless, the simulation results of effective medium demonstrate the validity of the proposed structure for an omnidirectional sound barrier. As a reference, the acoustic fields of three cases where the incident angle is 0º, 30º and 60º are shown in Fig. 2(d) . Most of the energy is reflected at the boundary and some surface acoustic waves can be observed along the top surface of the GIM, which agrees with the theoretical analysis.
To create an acoustic metacage that can reject acoustic transmission from all directions, we now bend the GIM into a ring shape. To ensure sufficient phase gradient along both outer and inner surfaces of the metacage, the unit cells are wedge-shaped, with each unit occupying a 5º segment of the circle as illustrated in Fig. 3(a) . 
IV. NUMERICAL AND EXPERIMENTAL INVESTIGATIONS
The performance of the proposed metacage is verified by both full wave simulations using real structures and measurements of a three-dimensional (3D) printed sample using acrylonitrile butadiene styrene (ABS) plastic whose density is 1230 kg/m 3 and speed of sound is 2230 m/s. The walls of the unit cells are assumed to be acoustically rigid due to the large impedance mismatch between the ABS and the background medium (air). We first study the case in which the metacage is exposed to a spatially-modulated Gaussian beam incident from the outside. The measurement where the metacage is exposed to a
Gaussian beam is performed in a 2D waveguide [33] . Since the metacage has a curved geometry, it is illuminated by the Gaussian beam from various angles (i.e., normal incidence in the center and oblique incidence off the center). A fan (type FSY40S24M) is placed inside the metacage for the analysis of the effect of airflow. The air flow rate is 1.0 m/s at the inner surface. The sound transmission loss through the metacage with and without airflow is depicted in Fig. 4(a) , where an average of more than 10 dB loss is incident from other angles [33] . It can be seen that there is a low pressure "shadow" region behind the metacage, which is because the acoustic waves cannot penetrate the metacage. The different sizes of the shadow region in experiment and simulation might be caused by fabrication defect. In addition, since we did not consider the viscous loss through the unit cells, the induced dispersion may also lead to imperfect phase modulation [33, 41] . Small variability of the transmitted acoustic pressure is observed when the metacage is rotated, which may be caused by the imperfection of the sample, directivity of the speaker, and measurement errors. The relatively small deviation demonstrates the omnidirectivity of the acoustic metacage. As a comparison, we simulate the case of a point source placed inside the metacage, and the calculated energy decay with the metacage is plotted in Fig. 5(a) . The average sound reduction over all angles in the simulation is about 14 dB at 2.5 kHz, slightly higher than that in the measurement. The corresponding acoustic field in simulation is depicted in Fig. 5(b) and some surface waves are clearly observable on the outer edge of the metacage. The far field sound field has very low amplitudes due to the sound insulation of the metacage. To show other situations where more than one point source is inside the metacage, different source pressure fields have been simulated and summarized in [33] . phononic-crystal like pillars [42] [43] [44] and holey plates [45] . However, these have not been tested for airflow to the best of our knowledge. In addition, the metacage proposed here has a subwavelength thickness and could form a full enclosure, which makes it advantageous for certain applications. Although the working bandwidth is limited by using the current structure [30, 38] , it can be very useful for reducing tonal noises (such as those from various engines and fans) which sometimes can be more annoying than broadband noise [46] . Moreover, to deal with situations where noise of multiple frequencies is at present, multiple layers of the proposed metacages can be employed [33] .
The realization of omnidirectional shielding of acoustic waves in such a compact and opened manner adds new capabilities for manipulating acoustic waves without impeding airflow. It is hoped that the design studied in this work can be helpful on the control of acoustic waves in various situations.
